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ABSTRACT 


An experimental investigation was conducted of highly 
metallized (approximately 70% by weight) solid fuels Durme 
in a two-dimensional solid fuel ramjet (SFRJ). High speed 
motion pictures were taken of the combustion process 
through viewing windows located at two locatıons along the 
fuel slab length. Films revealed various ejection events 
ranging from small particle ejections to large Tiido oE 
burning and non-burning material leaving the surface. Nine 
different fuels were tested at air mass fluxes of 0.2 and 
0.5 pounds mass per inch squared per second and pressures 
ranging from 35 to 200 psia. There was evidence that both 
miñor binder ingredient changes (polymer and curative) 
and the inclusion of magnesium resulted in larger requiem 
inlet step heights to sustain combustion. Most of the 
metallized fuels did not burn well at pressures below 
approximately 40 psia. Low air mass fluxes generally 
resulted in larger metallic surface agglomerations, larger 
particles in the gas phase and more dominate shedding won 


surface layers. 
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1. NTRODUCTION 


The air breathing solid fuel ramjet motor is a proposed 
power plant for the next generation of tactical missiles. 
It's major advantages over the presently employed solid 
propellant rockets are increased range and power tO cmi EE 
Continuous power during the terminal phase would greatly 
increase the probability of hit against an evasive tarcia 
thereby increasing the effectiveness and lethality of the 
damage mechanism. 

Various fuels have been proposed for the solid fuel 
ramjet. Hydrocarbon fuels such as HTPB and polymethylmetas 
crylate (PMM-Plexiglas) have been studied excep mu ә 
Some metals such as boron, boron compounds, aluminum, 
lithium, magnesium, and titanium possess very Nieh €n€177 
densities. Boron for example, exhibits 30% more meme. 
per unit mass and 300% more energy per unit volume than 
typical hydrocarbon fuels [Ref. 1]. High energy density 
metals are excellent fuel ingredient candidates andare 
under investigation. Typically, powdered metals are seus 
pended in a hydrocarbon matrix to enhance cembi ün 
efficiency and to improve material properties. Metales 
centrations and particle sizes can be varied overa NEN 


ficant ranges. The combustion process for Iydroe zen 
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fuels is reasonably well understood and semi-empirical 
fuel regression rate and combustion efficiency correlations 
17725 7 ln? oğ” quite reliable. However, little is 
known about the combustion process of dm, metallized 
fuels. Previous studies [Ref. 1] of fuels containing 
magnesium as one metal ingredient have observed large 
agglomerates of molten metal which grow in size on the 

350 0 0 the fuel grain prior to their ejection into the 
изи stream. Particle and agglomerate ejections were pos- 
tulated to be caused by either a pressure increase within 
the agglomerate or gas flow from the decomposition of the 
hydrocarbon matrix. Agglomerates may grow in size and 
become unstable in the turbulent boundary layer. Upper 
Surfaces of the moltent Gem rate May them be shed due 
to exposure toucher flow velocities. 

The initial work reported in [Ref. 1] was limited in 
ope, concentrating on only one or two fuel compositions. 
77 intormation on the effects of metallic fuel ingredients 
on the surface and/or gas phase combustion processes have 
Deen reported, 

Enesorderstozsdeseribe the combustion process of highly 
metallized fuels, more information must be gathered on 
sea) Particle size, the ejection event, agglomerate sizes, 
Gamricle trajectories, ignition time, and ignition location. 
These parameters will vary from one fuel to the next as 
Metallic Composition, particle size, catalyst, and binder 
compositions are varied. 


lt 


This investigation had several objectives. It was 
necessary to improve the two-dimensional motor design used 
in {Ref. 1] to eliminate the need for auxiliary soa cee 
fuel to maintain combustion and to provide more observa mm 
points for the high speed motion pictures. It was also 
necessary to study the combustion process under theme 
air mass flux environments typical for tactical miss miee 
Finally, a wider variety of fuel ingredients needed to be 
studied in order to expand the knowledge of the surface 
and gas-phase combustion phenomena to the point where 


models can begin to be developed. 


Ti DESORİiPTİION OF APPARATUS 


A 3000 psi air supply with a vitiated (methane with 
oxygen make-up) air heater provided air to the solid fuel 
ramjet test stand at the proper temperature and pressure to 
Simulate actual flight conditions. Air flow rate was 
regulated by means of a sonic choke. The two dimensional 
motor had four basic sections (see Figures 2.1 and 2.2): 
{1) the head end with air inlet and rearward facing step, 
(2) the main combustion section where the fuel slabs were 
placed on opposite walls (top and bottom) and the camera 
viewing windows were positioned in the side wall, (5) the 
aft mixing chamber (downstream of the fuel) where the 
reaction between fuel and air is enhanced due to better 
mixing and/or increased residence time, and (4) the exit 
nozzle. The motor chamber was 2.5 inches wide. The head 
end had a flow straightener followed by inlet step blocks 
5 “ch 150077 ma 1100 height (usually to 0.5 inches). 
The motor height (distance between opposing fuel slabs) 
mos) latch. Qe inket step herent was usually 0.25 
inches. Fuel slabs were 2.5 inches wide, 0.25 inches 
thick, and 16 inches long. Three Plexiglas viewing windows 
were positioned at, (1) the reattachment point, (2) mid- 


chamber and (3) just prior to the mixing chamber where 
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Figure 2.2 SFRJ Motor Side View with Left Side Removed 





Figure 2.5 SFRJ Motor Top View Showing Camera Orientation 
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the boundary layer should be fully developed. Windows one 
and three could be viewed simultaneously with two adjacent 
Hycam cameras (see Figure 2.3). Air injected through a 
sintered bronze ring was used to purge the windows. 
Nitrogen was initially used, but it was found to quench 
the combustion process. Also, ceramic and metal shields 
were used to partially cover the window DoOrtsmeomouc ver. 
the windows from fowling or burning. The aft mixing chamber 
was 6 inches long. The nozzle block fit to” thesback ena 
Of the motor. Various diameter nozzles couldzpbzzınsere 
into the nozzle block. Exit nozzle diame Ce r n S e 
adjust the combustion chamber pressure for any specified 
air flow rate. 

The motor was ignited by means of two ethylene-oxygen 
torches. The torches vere directed into the recirculu m 
zones in the across-motor direction. Ethylene vas also 
injected into the recirculation zones at 121-700 E 
to aid the ignition process. Once the motor was ignited, 
the torches and ethylene were shut off and the SFRJ fuel 
was allowed to burn unaided. 

The combustion process vas observed by. means 060 vo 
Hycam (Red Lakes Labs) high speed motion picture cameras. 
These cameras are capable of framing rates. tome 
pictures per second (pps). For this study 6000805 were 
used. A Hewlett-Packard data acquisition system was used 


to acquire all pressures and temperatures: This da p 
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further reduced by a Hewlett-Packard PC and a computer 
program developed previously. The program outputs were 
time, air flow rate, heater fuel flow rate, heater oxygen 
EE EE fuel tlow rate, motor inlet air temper- 
ature, and combustion pressure as function of time. The 
System was also capable of measuring thrust, but this was 
not used in the present study. Analog data were also 
recorded through the use of a Visicorder. Combustion 
Chamber pressure, ignition fuel pressure, heater fuel pres- 
Sure, heater oxygen pressure, and air sonic choke pressure 


were recorded. 
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III. EXPERIMENTAL METHOD 


Air was heated to approximately 1100 degrees Rankine and 
delivered to the motor at a pressure and flow rate tok um 
late typical flight conditions proposed for this type 1617792 
Three combustor test conditions were explored: (1) an air 
mass flux of 0.2 lbm per second per square imenu masa 
chamber pressure of approximately 50 psi, (2) a mass flux of 
0.5 lbm per second per square inch with a chamber pressure 
of approximately 70 psi and (3) a mass flux of 0.5 Ibm pen 
second per square inch with a chamber pressure of appro sm 
mately 180 psi. These air mass fluxes corresponded to air 
mass flow rates of .5 and 1.25 lbm per second, 

Fuels containing high concentrations of povderedann 
(approximately 705 by veight) suspended in a hydrocarbon 
polymer binder (typically HTPB) vere burned in the ua ни 
Metallic ingredients such as titanium, boron, boron caros 
lithium floride, magnesium, and aluminum were varied in 
their concentrations and particle sizes. Fuel samples were 
provided by the Naval Weapons Center, Chemical Systems 
Division of United Technologies and the Atlantic Research 
Corporation: 

The motion pictures were analyzed using a Stop acerem 
projector. Surface and adjacent gas flow combustion pheres 


mena were observed. Ejection phenomena were analyzed for 


18 


5575 02166 amd velocity of ejection. Videotapes were also 
made of the exhaust plumes in order to determine if the 
different fuels ejected different amounts of unburned 
material. 

77715 oi frucli containing metal were placed in front 
ofthe viewing windows om the bottom of the motor. Except 
Ie Meet the Upper fuel Slab was HTPB or Zecorez. It 
would be preferable to put metallized fuel on both the 
upper and lower surfaces of the combustion chamber, but the 
wn cost and limited availability of the metallized fuel 


Slabs usually prohibited this. 


. 


IV. RESUELISSAND ee S 


A. . MOTOR OPERATION 

Initially, the two-dimensional motor was designed with 
one ethylene ignition torch which was directed into the re- 
circulation zone just above the bottom fuel grain. It was 
perpendicular to the gas flow and could imp Inteco 
window located in the opposite wall. Two problems arose 
from this design. First, the motor tended to ignite Guam 
on the lower fuel grain at lower pressures (less than 100 
psmaj second the torch tended to cause the adjacent 
window to fowl or burn during the ignition process. “11555 
problems-were rectified through the use of a second torch 


and angling the torches 20 degrees upstream so they impinged 





Figure 4:1 | Torch. Comtymupd c 


on the steel inlet step instead of the viewing window (see 
kul 0000 7 ron reduced the time required for 
ignition from as much as 10 seconds down to 1.5 seconds. 
This greatly improved the nie O£ the viewing 
windows as they had to endure the combustion environment 
200 Or Igniter for substantially less time. 

The windows proved difficult to keep clean enough to 
allow motion pictures to be taken, and they went through 
Several design iterations. Initially, 1.5 inch diameter 
Plexiglas windows alone were used. Nitrogen was injected 
through sintered bronze bushings to keep the combustion 
process away from the windows. This design proved un- 
acceptable for the large windows. It became apparent 
that the combustion process was being emek in the 
critical recirculation zone because the motor would sustain 
combustion with a metal plug in the recirculation zone win- 
dow port. This indicated that heat loss to the window cavity 
and/or the nitrogen purge were quenching the combustion 
process. The solution was to make a 1.5 inch diameter 
Steel plug with a 0.5 inch hole drilled in it to allow 
viewing of the metallized fuel through a reduced area. 
Compressed air was substituted for nitrogen as the purge 
gas. This design cut down on the heat loss and proved 
mete acceptable from the stand point of ignitability and 


Cleanliness of the viewing windows. 
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Motor inlet air temperatures ranged between 1030 and 
1260 degrees Rankine. Typically, the incredsic RD ND 
temperature during a 4 second run was 20 degrees Rankine. 
The initial temperature and the temperature ri cE NM 
primarily with air mass flux, with larger vanın 
occurring at lower flow rates. Motor chamber pressures 
ranged between 35 psia and 200 psia. Pressure was con- 


trolled by varying the exit throat diameter. 


5: 50 


1. Overview of the Combustion Character TROS 


Fuels were provided by the Naval Weapons Center (NWC), 


Chemical Systems Division of United Technologies (CSD) and 
the Atlantic Research Corporation (ARC). Initial) mowom 
check-out was conducted using NWC HTPB at high pressure 
(approximately 180 psia). The supply of this fuel type 
was exhausted and CSD Zecorez was then used to der mg 
test conditions for the metallized fuels to follow NC 
proper air flow rates, chamber pressures, tempe2507 7 
ignition procedures and purge rates were finalizedmns cq 
Co) Zecore Zz. 

CSD PUE: fuels were provided in the fTOLH02£ 
E e e WE slabs, 3 ınches by 5 inches. Not enoush 
fuel was provided to fill the top and bottom 701270 ua 
so Zecorez was used on top. (On the bottom; metalero" 


strips 1.5 inches wide and 16 Inches lon? ten M ии 
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ono the windows. Zecorez strips 1.0 inch by 16 
inches were laid down next to the metallized fuel to fill 
the bottom of the motor. The CSD fuels generally burned 
well at the established test conditions. A few of the 
fuels demonstrated a low pressure ignitability limit, 
below 40 - 50 psia. Most burned well when the chamber 
pressure was raised slightly by installing a smaller 
diameter exhaust nozzle. The step height to motor height 
ratio (H/D) for all CSD fuel tests was 0.25. 


The ARC Boron/Magnesium fuel burned well at high 


pressure (193 psia). It would not sustain combustion at 
any pressures ranging from 55 - 85 psia. ARC provided 
20007 1616) to cover the entire lower surface.  Zecorez 


passed On the top surface of the motor. One of the low 
Beessure tests used a fuel configuration similar to the 
ESDEreSts with a one inch wide strip of Zecorez on the 
Portom and a 7,57inch wide strip of metallized fuel. 557 
5 s€sıso failed to sustain combustion at 52 psia. The ARC 
Boron/Teflon fuel burned vell at both high pressure and lov 
pressure. H/D for the ARC tests vas also 0.25. 

11730 Ee the form of 0.25 inch thick 
55105) > inches by 17 inches. This made it possible to 
7 : ene entire bottom of the motor with a continuous 
fuel slab. The normal configuration was to install Zecorez 
on the top of the motor, although one test was conducted 


with metallized fuel on both the top and bottom fuel surfaces. 


zə 


The continuous fuel slabs are ideal in Cha CS Ne e ee 
surface irregularities to interfere with them o NEM ME 
minimizes near-wall disturbances and provides for more 
stable boundary layer flow. Unfortunately, the NWC fuels 
failed to burn at either high or low pressures with H/D 
equal to .25. Also, the CSD fuel configuration was atteıge u 
with negative results. The H/D was increased to 0.525999 C 
sulting in good burns of the NWC fuels tested. Time did not 
permit a complete test series of the NWC fuels. The step 
height sensitivity of certain fuels should be Gnvesti cae 
in future studies. 

Table 4.1 Summarizes the ignition characteristics 


of the fuels tested. 


TABLE Ia 


SUMMARY OF FUEL IGNITABILITY CHARACTERLSIMOS 





Fuel Comments 
5070 Burned vell at all conditions 
(SD OT DB Burned well at all conditions 
CSDETI/ZBAL TE / Me Poor combustion with P<50 psia 


Burned well above 70 psia 


CSB Ti/2B/AlB,„/LiF/Mg Poor combustion with P<50mp pE 
Burned well above 70 psia 


CSD Ti To Poor combustion with Pc42000500 
Burned well with P>50 psia 


ARC B/Mg Would not burn with pressure 
between 55 and 85 psia or 
with Zecorez sumam 
Burned well at 1958999 
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Tapes 4.1 contd) 


SUMMARY OF FUEL IGNITABILITY CHARACTERISTICS 


Fuel Comments 
ARC B/Teftlon Coode ommbus tion at all pressures 
NWC HTPB Would not burn with H/D=225 
except at high pressure 
NWC B¿C/Mg-Equal % Would not burn with H/D=.25 
Good combustion with H/D=.325 
NWC B,C/Mg-5%/Higher B,C Good combustion with H/D=.325 


5% Lower Mg 
NWC B¿C/Mg-20% Higher B,C No burn with H/D=.25 7 high 

255 Lover Mg pressure 

One possibility for the differences in ignitability 

of the various fuels is the curative agent used in the HTPB 
which forms the matrix of the metallized fuels. Three 
different curative agents were used by the three fuel 
5000116795 (TEDI; DDI and TDI). Also, two slightly different 
uncured polymers were used, R45M and RASHT. Shore hardness 
fees were conducted on all fuel samples. With the exception 
BU Ub NEMNen» the higher the Shore hardness. the poorer 
Bon ibiliry (Sustained combustion). Shore hardness 
Gibbc Mnrtluenced by the degree to which the HTPB is cross- 
linked (which is a function of the curative) and the metallic 
constituents. The effects of differences in the HTPB and 
the curatıves on ignitability should be further investigated 


152 future studies. 
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2. Burning Characteristics from Motion Picture STA 


General comments are contained in Table A2 of 
 Appendix A for all successtul irim DE 


a. Ti/2B (Large Particle Sizes) at Low G in the 
Boundary Layer Region 


A typical surface sequence is shovn in Figure 4.2. 
It shows a large surface agglomerate rolling off the surface 
and entering the core flow. In the last frame it 15 Come 
trasted with a particle of similar size at the velocity of 


the core flow. Also seen are numerous small particles in 





the gas phase. Their high velocity is evident by the stm man 
on the film. The scale of the photographs 15100025 Amen 


wide by 0.5 inches high. Each frame represents appro s ISEEN 





a. First in Sequence somes 


Figure 4.2 Ti/2B at Low G in the Boundary eM Mc 
1''=3.175mm, Time Between Frames=1/3000s) 


20 





Dee in Sequence of Five 





IA NS 


Maure 4.2  T11/2B at Low G in the Boundary Layer (Scale: 
1''=3.175mm, Time Between Frames=1/3000s) (contd) 





d. Fourth in Sequence of Five 





e. Fifth inc Sequence o Ripa 


ure 4.2 Ti/2B at Low G in the Bounda mim T ии 
1"23.175mm, Time Between Frames-1/3000s) (cont 


0.00013 seconds exposure. The time between frames was 
aparon imane Dee S000th ora second. Gas) flow velocities 
based on one-dimensional flow were calculated to be approxi- 
mately 200 feet per second. Velocities based on film 
streak length were approximately 230 feet per second. 
Unfortunately, the timing light oscillator which accurately 
Dims omar ks on thes rilm failed. As a result, film 
5846507 csuimavcea aS a function of film length from later 
filin inouhich the oscillator was functioning. 

Figure 4.3 shows a sequence of multiple particle 
interactions. The larger particle at the left rolls past 


5777 “neral partıcles and into the core flow. Evident in: 


PALAS LAR EEES ә, 


Be 





a. First ine seemenee ot Six 


2116?) 5) 11/25 at Low G in the Boundary Layer (Scale: 
1"=3.175mm, Time Between Frames=1/3000s) 





b. Second in Sequence of Six 





c. Iihıird in sequence er =; 


T1/2B at Low G in the Boundar Da CM 7? 
l"25.175mm, Time Between Frames-1/3000s) (contd) 


b 








e. Fifth in Sequence of Six 


25067 - 11/28 at Lov G in the Beotmdanrs Layer (Scale: 
l 5m Time Between Frames=1/3000s) (contd) 


буд 
pe 





f. Sixth im Sequemeemolm r 


Figure Ior TIB at Lov G ine Bona Far (Scale: 

1'"'=3.175mm, Time Between Frames=1/3000s) (contd) 
the color photographs was the presene gp greenish colorea 
gases below the large particle, typical Gf boron Comius Conk 
It vas not clear vhether the flaming partıcle 0776005055 
Was CMU Ging “the ни с алы. 

Figure 4.4 shows a large agglomerate with the 
upstream edge exploding, ejecting EE 
particles into the core flow. Once acain c UEM |. 
were evident in che ет | ола 

Figure 4.5 shows the ejection ofa sma MEEDA 
into the core flow. The ejection ancl@ Was maomeeon ии ии 


the ejection velocity was 20-25 feet peneana 


Ech 
[SD 





Pure 424 Ti/2B at Low G in the Boundary ayer (se@ale: 
1"23.175mm, Time Between Frames-1/35000s) 





a. First in Sequence of Two 


Bl 4.5 Ti/2B at Low G in the Boundary Layer (Sedile. 
1''=3.175mm, Time Between Frames=1/3000s) 


NAAA 





bD. ~ Second in Sequence oriye 


Figure 4.5 Ti/2B at Low G in the Boundary Layer (Scale: 
1''=3.175mm, Time Between Frames=1/5000s) (contd) 





a. First in Següuemeego r gi 


Figure 4.6 Ti/2B at Low G in the Boundary Layer (Scale: 
1''=3.175mm, Time Between Frames=1/5000s) 
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. Second in Sequence of Two 


Figure 4.6  Ti/2B at Low G in the Boundary Layer (Scale: 
1"23.175mm, Time Between Frames-1/3000s) (contd) 





ии sequences of Pive 


Ianue TaB at Low G in the Boundary Layer (Scale: 
1''=3.175mm, Time Between Frames=1/3000s) 








Luc 


Sequence of F 


ER 


Second 


E 





in Sequence combi 


These 


3000s) (conu 


er (Scare 


M 
=. 


he Boundary S 
Between Frames 


ıı 
ıme 


ib 


75mm, 


1 


Beat Lowes 


2 
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1/ 


i 
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zur 


Do 





7977751 11 00ence of Five 


Encure 4.7 Ti/2B at Low G in the Boundary Layer (Scale: 
117 ии me Between Frames=1/3000s) (contd) 


CA 
~J 


Figure 4.6 shows the ejeceron Run m nu 
particles at ejection angles of 15 and 20 degrees. The 
second photo shows the particles as they accelerate to 
core flow vel OCHO 

Figure 4.7 shows a surface shedding sequence. 
Non-burning surface material was shed into the core flow 
where it broke up. The material may be non-combustible 
slag or surface fuel which is weakened by thermal and aero- 
dynamic loads. It may burn in the oxygen rich core flow. 


b. Ti/2B (Large Particle Sizes) at 1010700606 7 
E EE 


Large particles were seen being ejected, Som 
partially burning. One "explosion" from deep within the 
Fuel grain blew a large amount of material into CD Ko 


flow. 





Figure 4.8 Ti/2B at High G in the Boundary Layer"? 7 
1'=53.175mm, Time Between Frames=1/50005) 


aa T 


- - 
<= P ooa P ami 


25510 55 Large Partıcle Sizes) at High G in the 
Boundary Layer Region 


Ficure 4.8 shows high velocity particles in the 
gas phase, moving at approximately 480 feet per second based 
on motor flow conditions. A particle is also seen being 


ejected at an angle of 40 degrees. 


Figure 4.9 shows multiple particle ejections at 


low angles ranging from 3 degrees to 20 degrees. 





2: 7. Bat Alien G in thë Boundary Layer (Scale: 
1''=3.175mm, Time Between Frames=1/3000s) 
Figure 4.10 shows many hish velocity, small 
particles with several larger particles traveling at similar 


velocities. 


In general, high G conditions resultedc in 10772 
numbers of small particles, with only a few larger parto 
evident. No large agglomerates were Seen Ome tiem n 
and no shedding of surface material was Witnessed ae Meee 


conditions, in contrast to the lov G0615v1917 





Figure 4.10 Ti/2B at High G in the Boundary Bv NES QUE 
1''=3.175mm, Time Between Frames=1/30005) 


d. Ti/2B (Small Particle Sizes) ar oie 
Boundary Layer Region 
The small grain Ti/2B showed similar results to 
the larger grain fuel. Green flames were is p cL 
agglomerates burning on the surface. 


e. Ti/2B (Small Particle Sizes) at 1015625 
Recirculation Zone 


Many small particles vere seen groving larger 


with characteristic green rin Ri 
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Һи - ә ад га 


f. Ti/2B/LiF/Mg at Low G in the Boundary Layer Region 
Figure 4.11 shows a very large flake of surface 
material coming loose from the surface and breaking up in 
the core flow. The flake appears to be glowing on the botton, 
away from the core flow. In contrast to the Ti/2B fuels, 


many more large flakes were evident with this fuel. 





st in sequence of Five 


eure 4.11 LCF Me at Low G in the Boundary Layer 


(Scale: 1'=3.175mm, Time Between Frames= 
1 0005) 
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. Second in Sequence of Five 





C. Third in Sequences R 





gure 4.11 Ti/2B/LiF/Mg at Low "mert c ә. | 
(Scale: 1'=53.175mm, Time Between Frames= 


i/5000s) (conta) 


Figure 4.11 





5597 irth im Sequence of Five 


iln We Low 6 in the Boundarv Layer 


(Scale: 1'=3.175mm, Time Between Frames= 
1017 (contd) 


g. Ti/2B/LiF/Mg at High Сб in the Boundary Layer 1267122 
In contrast to the low G film the high G film 
showed no surface flaking. The surface appeared moltent and 


glowing. 





Figure 4.12  Ti/2B/A1B,j4/LiF/Mg at High G in the Reci CEEE 
tion Zone (Scale: 1"-5.175mm, Tımezberween 
Frames=1/30005) 


Ds Ti/ZB/AlB, „/LiF/Mg at High G in the Fecircula nm 
Lome 
Figure 4.12 shows high angle partii e Cua 
in a down stream direction. Also, many small high velocity 
particles are seen. 
Figure 4.13 shows several particles with €?626777 


angles ranging from 70 to 135 degrees. The reattachment pozur 


14 





appears to have migrated downstrean, allowing upstream 
directed particle ejections. When viewing the sm, the 


reattachment point appeared to oscillate back and DONC 


in front of the window. 





Figure 4.13 Ti/2B/A1B, DE cai in cheskecireula- 
oona one (oecate: == )"=5. 175mm, Time Between 
Frames=1/3000s) 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Each metallized fuel burned slishtly different. These 
differences in burning characteristics were diffi noira 
predict a-priori. Filmine comibus Crom se inside the 
two-dimensional motor requires precise light control. 
F-stop settings were based on previous experience. Some 
films were of little value due to under and over-exposure. 
Low pressure f-stop settings were used 107 H£7 01300 Uns 
runs. The fuels in general burned better, andzichem more 
brighter, at the higher pressures. As a result; ur 
one of the films shot at high pressure were over-exposed. 
In the future, when shooting at high pressure recono ии 
the f-stop setting should be increased from 056 Ri e 
or ll. Possibly some vay of metering the 117656 DE- 
developed to prevent the waste of film and fuel. 

There was evidence that both minor bini rin (ren 
changes (polymer and curative) and the inclusion of magne- 
sium resulted in larger requıred inlet step, hesgn? 60 
sustain combustion. Most of the metallized fuels n 
burn well at pressures below approximately 2070527 
air mass fluxes generally resulted in larger metallic 
surface agglomerations, larger particles in the cace 


and more dominate Shedding of Surface a, cua 
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